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1
MAGNETIC FIELD SENSOR AND RELATED
TECHNIQUES THAT PROVIDE VARYING
CURRENT SPINNING PHASE SEQUENCES
OF A MAGNETIC FIELD SENSING ELEMENT

CROSS REFERENCE TO RELATED
APPLICATIONS

Not applicable.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

Not applicable.

FIELD

This invention relates generally to magnetic field sensors
and, more particularly, to a magnetic field sensor that can
provide an output signal representative of an angle of rotation
of a target object, for which angular errors are reduced.

BACKGROUND

Magnetic field sensing elements can be used, in a variety of
applications. In one application, a magnetic field sensing
element can be used to detect a direction of a magnetic field,
i.e., and angle of the direction of the magnetic field.

Planar Hall elements and vertical Hall elements are known
types of magnetic field sensing elements. A planar Hall ele-
ment tends to be responsive to magnetic field perpendicular to
a surface of a substrate on which the planar Hall element is
formed. A vertical Hall element tends to be responsive to
magnetic field parallel to a surface of a substrate on which the
vertical Hall element is formed.

Other types of magnetic field sensing elements are known.
For example, a so-called “circular vertical Hall” (CVH) sens-
ing element, which includes a plurality of vertical Hall ele-
ments, is known and described in PCT Patent Application No.
PCT/EP2008/056517, entitled “Magnetic Field Sensor for
Measuring Direction of a Magnetic Field in a Plane,” filed
May 28, 2008, and published in the English language as PCT
Publication No. WO 2008/145662, which application and
publication thereof are incorporated by reference herein in
their entirety. The CVH sensing element is a circular arrange-
ment of vertical Hall elements arranged over a common cir-
cular implant and diffusion region in a substrate. The com-
mon implant and diffusion region can be a common epi
(epitaxial) region (e.g., layer) upon a substrate, bounded by
semiconductor isolation structures. The CVH sensing ele-
ment can be used to sense a direction (i.e., an angle) (and
optionally a strength) of a magnetic field in a plane of the
substrate.

Various parameters characterize the performance of mag-
netic field sensing elements and magnetic field sensors that
use magnetic field sensing elements. These parameters
include sensitivity, which is a change in an output signal of a
magnetic field sensing element in response to a change of
magnetic field experienced by the magnetic sensing element,
and linearity, which is a degree to which the output signal of
the magnetic field sensing element varies in direct proportion
to the magnetic field. These parameters also include an offset,
which is characterized by an output signal from the magnetic
field sensing element not representative of a zero magnetic
field when the magnetic field sensing element experiences a
zero magnetic field.

10

15

20

25

30

40

45

55

2

The above-described CVH sensing element is operable,
with associated circuits, to provide an output signal represen-
tative of an angle of a direction of a magnetic field. Therefore,
as described below, if a magnet is disposed upon or otherwise
coupledto a so-called “target object,” for example, a camshaft
in an engine, the CVH sensing element can be used to provide
an output signal representative of an angle of rotation of the
target object.

The CVH sensing element is but one element that can
provide an output signal representative of an angle of a mag-
netic field, i.e., an angle sensor. For example, an angle sensor
can be provided from a plurality of separate vertical Hall
elements or a plurality of magnetoresistance elements. Col-
lectively, magnetic field sensing element(s) that generate an
output signal related to an angle of a magnetic field are
referred to herein “angle sensing elements.”

More parameters can characterize the performance of and
angle sensing element(s), e.g., a CVH sensing element. One
such parameter is an angular accuracy of the output signal
generated by the angle sensing element(s). Angular accuracy
can have both an average angle error that is the same at all
magnetic field pointing angles, and also an angle error that is
different at different magnetic field angles (i.e. a non-linearity
error). Another parameter is the speed with which the angle
sensing element(s) can convey the angle of the magnetic field.
It will be understood that the speed is particularly important
for applications in which the angle of the magnetic field may
be rapidly changing.

It is know that some parameters that can characterize an
angle sensing element tend to change with temperature.

Itwould be desirable to provide circuits and techniques that
can process output signals from an angle sensing element to
provide an output signal that has a high degree of angle
accuracy and a relatively high speed.

SUMMARY

The present invention provides circuits and techniques that
can process output signals from an angle sensing element to
provide an output signal that has a high degree of angle
accuracy and a relatively high speed.

In accordance with one aspect, a method of reducing an
error in a magnetic field sensor includes providing a plurality
of magnetic field sensing elements, wherein each one of the
plurality of magnetic field sensing elements is configured to
generate a respective x-y output signal responsive to a mag-
netic field in an x-y plane. The method also includes sequen-
tially selecting, at an element selection rate with an element
selection period, from among the plurality of magnetic field
sensing elements, resulting in a plurality of repeating cycles
of selected magnetic field sensing elements, each repeating
cycle sequentially selecting all of the plurality of magnetic
field sensing elements. The repeating cycles repeat at a cycle
repetition rate with a cycle repetition period. The method also
includes current spinning, within respective element selec-
tion periods, each selected one of the plurality of magnetic
field sensing elements. The current spinning includes gener-
ating a respective plurality of current spinning phases within
the respective element selection periods, each plurality of
current spinning phases within an element selection period
having a respective phase sequence with a plurality of phases,
each phase having a phase period, each phase period less than
an element selection period. The sequentially selecting and
the current spinning together result in a sequenced-chopped
signal representative of an angle of the magnetic field. A first
set of the plurality of magnetic field sensing elements has a
first current spinning phase sequence within one of the cycle
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repetition periods, and a second different set of the plurality of
magnetic field sensing elements has a second different cur-
rent spinning phase sequence within the same one of the cycle
repetition periods.

In accordance with another aspect, a magnetic field sensing
sensor includes a plurality of magnetic field sensing elements.
Each one of the plurality of magnetic field sensing elements is
configured to generate a respective x-y output signal respon-
sive to a magnetic field in an x-y plane. The magnetic field
sensor also includes a sequence switching circuit configured
to select, at an element selection rate with an element selec-
tion period, from among the plurality of magnetic field sens-
ing elements, resulting in a plurality of repeating cycles of
selected magnetic field sensing elements, each repeating
cycle sequentially selecting all of the plurality of magnetic
field sensing elements. The repeating cycles repeat at a cycle
repetition rate with a cycle repetition period. The magnetic
field sensor also includes a current spinning circuit config-
ured to current spin, within respective element selection peri-
ods, each selected one of the plurality of magnetic field sens-
ing elements. The current spinning comprises a respective
plurality of current spinning phases within the respective
element selection periods, each plurality of current spinning
phases within an element selection period having a respective
phase sequence with a plurality of phases, each phase having
a phase period, each phase period less than an element selec-
tion period. The sequentially sequence switching circuit and
the current spinning circuit are together configured to gener-
ate a sequenced-chopped signal representative of an angle of
the magnetic field. A first set of the plurality of magnetic field
sensing elements has a first current spinning phase sequence
within one of the cycle repetition periods, and a second dif-
ferent set of the plurality of magnetic field sensing elements
has a second different current spinning phase sequence within
the same one of the cycle repetition periods. The magnetic
field sensor also includes a control circuit configured to con-
trol the element selection periods, the cycle repetition peri-
ods, and the phase sequences of the current spinning phases.

In accordance with another aspect, a method of reducing an
error produced by a magnetic field sensing element includes
current spinning the magnetic field sensing element in a plu-
rality of current spinning cycles, each having a cycle period,
each cycle comprising a selected quantity of phases. The
current spinning includes a first phase sequence during a first
cycle period; and a second different phase sequence during a
second different cycle period.

In accordance with another aspect, a magnetic field sensor
includes a magnetic field sensing element, a current spinning
switches module coupled to the magnetic field sensing ele-
ment, and a current spinning control module coupled to the
current spinning switches module. The current spinning con-
trol module is configured to current spin the magnetic field
sensing element in a plurality of current spinning cycles, each
having a cycle period, each cycle comprising a selected quan-
tity of phases, wherein the current spinning control module is
configured to generate the plurality of current spinning cycles
with: a first phase sequence during a first cycle period; and a
second different phase sequence during a second different
cycle period.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features of the invention, as well as the
invention itself may be more fully understood from the fol-
lowing detailed description of the drawings, in which:

FIG. 1 is apictorial showing a circular vertical Hall (CVH)
sensing element having a plurality of vertical Hall elements
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arranged in a circle over a common implant region upon a
substrate, and a two pole magnet disposed close to the CVH
sensing element;

FIG. 1A is pictorial showing a plurality of magnetic field
sensing elements;

FIG. 2 is a graph showing an output signal as may be
generated by the CVH sensing element of FIG. 1 or by the
plurality of magnetic field sensing elements of FIG. 1A;

FIG. 3 is a block diagram of an exemplary magnetic field
sensor having a CVH sensing element, having a current spin-
ning sequence selection module configured to provide current
spinning of vertical Hall elements within the CVH sensing
element with variations of current spinning phase sequences,
and also having an angle error correction module configured
to estimate an angle error value that can be applied to reduce
an angular error;

FIGS. 4-4C are block diagrams showing a vertical Hall
element of'the CVH sensing element of FIG. 3 when coupled
into four current spinning phases, each phase associated with
operation of one of the vertical Hall elements of the CVH
sensing element of FIG. 3;

FIG. 5 is a graph showing ideal and non-ideal operation of
the magnetic field sensor of FIG. 3;

FIG. 6 is a block diagram showing further details of the
angle error correction module of FIG. 3;

FIG. 7 is ablock diagram of a magnetic field sensor that has
but one planar Hall element, and that has a current spinning/
filter control module to control current spinning phases;

FIG. 8 is a graph showing a frequency domain of operation
of'the magnetic field sensor of FIG. 7, when operated in a with
repeating current spinning phase sequences; and

FIG. 9 is a graph showing a frequency domain of operation
of the magnetic field sensor of FIG. 7 when operated with
varying current spinning phase sequences.

DETAILED DESCRIPTION

As used herein, the term “magnetic field sensing element”
is used to describe a variety of electronic elements that can
sense a magnetic field. The magnetic field sensing element
can be, but is not limited to, a Hall Effect element, a magne-
toresistance element, or a magnetotransistor. As is known,
there are different types of Hall Effect elements, for example,
a planar Hall element, a vertical Hall element, and a circular
vertical Hall (CVH) element. As is also known, there are
different types of magnetoresistance elements, for example, a
semiconductor magnetoresistance element such as Indium
Antimonide (InSb), a giant magnetoresistance (GMR) ele-
ment, an anisotropic magnetoresistance element (AMR), a
tunneling magnetoresistance (TMR) element, and a magnetic
tunnel junction (MTJ). The magnetic field sensing element
may be a single element or, alternatively, may include two or
more magnetic field sensing elements arranged in various
configurations, e.g., a half bridge or full (Wheatstone) bridge.
Depending on the device type and other application require-
ments, the magnetic field sensing element may be a device
made ofa type IV semiconductor material such as Silicon (Si)
or Germanium (Ge), or a compound, e.g., type I1I-V, semi-
conductor material like Gallium-Arsenide (GaAs) or an
Indium compound, e.g., Indium-Antimonide (InSb).

As is known, some of the above-described magnetic field
sensing elements tend to have an axis of maximum sensitivity
parallel to a substrate that supports the magnetic field sensing
element, and others of the above-described magnetic field
sensing elements tend to have an axis of maximum sensitivity
perpendicular to a substrate that supports the magnetic field
sensing element. In particular, planar Hall elements tend to
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have axes of sensitivity perpendicular to a substrate, while
metal based or metallic magnetoresistance elements (e.g.,
GMR, TMR, AMR) and vertical Hall elements tend to have
axes of sensitivity parallel to a substrate.

As used herein, the term “magnetic field sensor” is used to
describe a circuit that uses a magnetic field sensing element,
generally in combination with other circuits. Magnetic field
sensors are used in a variety of applications, including, butnot
limited to, an angle sensor that senses an angle of a direction
of a magnetic field, a current sensor that senses a magnetic
field generated by a current carried by a current-carrying
conductor, a magnetic switch that senses the proximity of a
ferromagnetic object, a rotation detector that senses passing
ferromagnetic articles, for example, magnetic domains of a
ring magnet or a ferromagnetic target (e.g., gear teeth) where
the magnetic field sensor is used in combination with a back-
biased or other magnet, and a magnetic field sensor that
senses a magnetic field density of a magnetic field.

While a circular vertical Hall (CVH) element, which has a
plurality of vertical Hall elements, is described in examples
below, it should be appreciated that the same or similar tech-
niques and circuits apply to any type of magnetic field sensing
element(s) arranged in a manner to detect an angle of a point-
ing direction of a magnetic field, i.e., a rotation angle of a
target object to which a magnet is attached.

Referring to FIG. 1, a circular vertical Hall (CVH) element
12 includes a circular implant and diffusion region 18 in a
substrate (not shown). The CVH sensing element 12 has a
plurality of vertical Hall elements, of which a vertical Hall
element 12a is but one example. In some embodiments, the
common implant and diffusion region 18 can be characterized
as a common epitaxial region upon a substrate, bounded by
semiconductor isolation structures.

Each vertical Hall element has a plurality of Hall element
contacts (e.g., four or five contacts), e.g., 12aa. Each vertical
Hail element contact can be comprised of a metal contact over
a contact diffusion region (a pickup) diffused into the com-
mon implant and diffusion region 18.

A vparticular vertical Hall element (e.g., 12a) within the
CVH sensing element 12, which, for example, can have five
adjacent contacts, can share some, for example, four, of the
five contacts with a next vertical Hall element (e.g., 125).
Thus, a next vertical 1H-all element can be shifted by one
contact from a prior vertical Hall element. For such shifts by
one contact, it will be understood that the number of vertical
Hall elements is equal to the number of vertical Hall element
contacts, e.g., 32 or 64. However, it will also be understood
that a next vertical Hall element can be shifted by more than
one contact from the prior vertical Hall element, in which
case, there are fewer vertical Hall elements than there are
vertical Hall element contacts in the CVH sensing element.

As shown, a center of a vertical Hall element 0 can posi-
tioned along an x-axis 20 and a center of vertical Hall element
8 can be positioned along a y-axis 22. In the exemplary CVH
sensing element 12, there are thirty-two vertical Hall ele-
ments and thirty-two vertical Hall element contacts. How-
ever, a CVH can have more than or fewer than thirty-two
vertical Hall elements and more than or fewer than thirty-two
vertical Hall element contacts.

In some applications, a circular magnet 14 having a north
side 145 and a south side 14a can be disposed over the CVH
12. The circular magnet 14 tends to generate a magnetic field
16 having a direction from the north side 145 to the south side
14a, here shown to be pointed to a direction of about forty-
five degrees relative to x-axis 20.

In some applications, the circular magnet 14 is mechani-
cally coupled to a rotating target object, for example, an
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automobile steering shaft of an automobile camshaft, and is
subject to rotation relative to the CVH sensing element 12.
With this arrangement, the CVH sensing element 12, in com-
bination with an electronic circuit described below, can gen-
erate a signal related to the angle of rotation of the magnet 14,
i.e., an angle of rotation of the target object to which the
magnet is coupled.

Referring now to FIG. 1A, a plurality of magnetic field
sensing elements 30a-307%, in a general case, can be any type
of magnetic field sensing elements. The magnetic field sens-
ing elements 30a-30/ can be, for example, separate vertical
Hall elements or separate magnetoresistance elements, each
having an axis of maximum response parallel to a surface of
a substrate 34. These magnetic field sensing elements can be
coupled to an electronic circuit the same as or similar to
electronic circuits described below in conjunction with FIGS.
3 and 6. There can also be a magnet the same as or similar to
the magnet 14 of FIG. 1 disposed proximate to the magnetic
field sensing elements 30a-30/.

Referring now to FIG. 2, a graph 50 has a horizontal axis
with a scale in units of CVH vertical Hall element position, n,
around a CVH sensing element, for example, the CVH sens-
ing element 12 of FIG. 1. The graph 50 also has a vertical axis
with a scale in amplitude in units of millivolts. The vertical
axis is representative of output signal levels from the plurality
of vertical Hall elements of the CVH sensing element taken
sequentially, one at a time, about the ring of contacts of the
CVH sensing element.

The graph 50 includes a signal 52 representative of output
signal levels from the plurality of vertical Hall elements of the
CVH taken with the magnetic field of FIG. 1 pointing in a
direction of forty-five degrees.

Referring briefly to FIG. 1, as described above, vertical
Hall element 0 is centered along the x-axis 20 and vertical
Hall element 8 is centered along the y-axis 22. In the exem-
plary CVH sensing element 12, there are thirty-two vertical
Hall element contacts and a corresponding thirty-two vertical
Hall elements, each vertical Hall element having a plurality of
vertical Hall element contacts, for example, five contacts. In
other embodiments, there are sixty-four vertical Hall element
contacts and a corresponding sixty-four vertical Hall ele-
ments.

In FIG. 2, for the magnetic field 16 pointing at positive
forty-five degrees, a maximum positive signal is achieved
from a vertical Hall element centered at position 4, which is
aligned with the magnetic field 16 of FIG. 1, such that a line
drawn between the vertical Hall element contacts (e.g., five
contacts) of the vertical Hall element at position 4 is perpen-
dicular to the magnetic field. A maximum negative signal is
achieved from a vertical Hall element centered at position 20,
which is also aligned with the magnetic field 16 of FIG. 1,
such that a line drawn between the vertical Hall element
contacts (e.g., five contacts) of the vertical Hall element at
position 20 is also perpendicular to the magnetic field.

A sine wave 54 is provided to more clearly show ideal
behavior of the signal 52. The signal 52 has variations due to
vertical Hall element offsets, which tend to cause correspond-
ing variations of output signals causing them to be too high or
too low relative to the sine wave 54, in accordance with offset
errors for each element. The offset signal errors are undesir-
able.

Full operation of the CVH sensing element 12 of FIG. 1
and generation ofthe signal 52 of F1G. 2 are described in more
detail in the above-described PCT Patent Application No.
PCT/EP2008/056517, entitled “Magnetic Field Sensor for
Measuring Direction of a Magnetic Field in a Plane,” filed
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May 28, 2008, which is published in the English language as
PCT Publication No. WO 2008/145662.

Groups of contacts of each vertical Hall element can be
used in a chopped arrangement (also referred to herein as
current spinning) to generate chopped output signals from
each vertical Hall element. Thereafter, a new group of adja-
cent vertical Hall element contacts can be selected (i.e., a new
vertical Hall element), which can be offset by one element
from the prior group. The new group can be used in the
chopped arrangement to generate another chopped output
signal from the next group, and so on.

Each step ofthe signal 52 is representative of an unchopped
output signal, i.e., from one respective group of vertical Hall
element contacts, i.e., from one respective vertical Hall ele-
ment. Thus, for a CVH sensing element having 32 vertical
Hall elements taken sequentially, there are thirty-two steps in
the signal 52 when current spinning is not used. However, for
embodiments in which current spinning is used, each step of
the signal 52 can be comprised of several sub-steps (not
shown, e.g., four sub-steps), each sub-step indicative of a
current spinning “phase.”

Current spinning and current spinning phases are described
more frilly below in conjunction with FIGS. 4-4D.

It will be understood that a phase of the signal 52 is related
to an angle of the magnetic field 16 of FIG. 1 relative to
position zero of the CVH sensing element 12. It will also be
understood that a peak amplitude of the signal 52 is generally
representative of a strength of the magnetic field 16. Using
electronic circuit techniques described above in PCT Patent
Application No. PCT/EP2008/056517, or using other tech-
niques described below, a phase of the signal 52 (e.g., a phase
of'the signal 54) can be found and can be used to identify the
pointing direction of the magnetic field 16 of FIG. 1 relative
to the CVH sensing element 12.

Referring now to FIG. 3, a magnetic field sensor 100
includes a CVH sensing element 102 having a plurality of
vertical Hall elements, each vertical Hall element comprising
a group of vertical Hall element contacts (e.g., five vertical
Hall element contacts). In some embodiments, the CVH sens-
ing element 102 can be the same as or similar to the CVH
sensing element 12 described above in conjunction with FIG.
1, and can be disposed proximate to a two pole magnet 144
coupled to a target object 146, which magnet 144 can be the
same as or similar to the magnet 14 of FIG. 1. However, in
some embodiments, the CVH sensing element 102 can be
replaced by a group of magnetic field sensing elements the
same as or similar to those described above in conjunction
with FIG. 1A.

The CVH sensing element 102 can be coupled to sequence
switches 104 that sequence through the vertical Hall elements
of'the CVH sensing element 102 to provide an output signal
104a, which can be the same as or similar to the sequenced
signal 52 of FIG. 2.

The CVH sensing element 102 can also be coupled to
current spinning switches 105, which can be coupled to the
CVH sensing element 102 via the sequence switches 104.

Current sources 103 can be configured to generate one or
more current signals 103a. The current spinning switches 105
can be coupled to receive the one or more current signals 103«
and to provide the current signals as signals 10456 to the
selected vertical Hall elements within the CVH sensing ele-
ment 102.

As described above, current spinning, also referred to as
chopping, is also process by which current sources, e.g.,
current sources 103, are sequentially coupled to different
selected nodes of a selected vertical Hall element (selected
via the sequence switches 104) within the CVH sensing ele-
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ment 102 using the current spinning switches 105. At the
same time, and synchronously, the current spinning switches
105 provide couplings to selected output nodes of the selected
vertical Hall element in accordance with so-called current
spinning phase. Current spinning is further described below
in conjunction with FIGS. 4-4D.

A current spinning sequence selection module 119 can
generate a current spinning sequence control signal 1194
received by an oscillator and logic module 120. The oscillator
and logic module 120 can be coupled to provide a control
signal 1205 to the current spinning switches 105 to control
current spinning phase sequences of selected ones of the
vertical Hall elements of the CVH sensing element 102. The
oscillator and logic 120 can also be coupled provide a control
signal 120q to the sequence switches 104, to provide sequen-
tial selections of the vertical Hall elements within the CVH
sensing element 102 and to provide the sequential output
signal 104a from the vertical Hall elements of the CVH
sensing element 102 in accordance with the selection.

In some embodiments, current spinning is not used.

A multiplexer 106 can be coupled to receive a signal 1054,
with or without current spinning, from the CVH sensing
element 102 via the sequences switches 104 and current spin-
ning switches 105. The signal 105a can be the same as or
similar to the sequential signal 52 of FIG. 2, or a similar signal
that has current spinning, i.e., the above-described sub-steps.

The multiplexer 106 can also be coupled to receive a clock
signal 102¢ from the oscillator and logic module 120.

The multiplexer is configured to generate a multiplexed
output signal 1064, which, at some times, is representative of
the signal 1054, and, at other times, is representative of the
clock signal 120c.

For reasons that will be apparent from discussion above, a
relative phase between the clock signal 120¢ and the signal
105a is representative of an angle of the magnetic field gen-
erated by the magnet 144 and sensed by the CVH sensing
element 102.

A dual differential amplifier (DDA) 108 can be coupled to
receive the multiplexed signal 1064 and configured to gener-
ate an amplified signal 108a. A bandpass filter 110 can be
coupled to receive the amplified signal 108a and configured
to generate a filtered signal 110a. An analog-to-digital con-
verter 112 can be coupled to receive the filtered signal 110a
and configured to generate a converted signal 1124, a digital
signal. An angle calculation module 118 can be coupled to
receive the converted signal 112a and configured to generate
anuncorrected x-y angle value 118« indicative of the angle of
the magnetic field generated by the magnet 144, but with
angle error more fully described below.

The angle calculation module 118 can also be coupled to
receive clock signals 120c¢, 1204 from the oscillator and logic
module 120. The clock signal 1204 can be a high speed clock
signal.

The angle calculation module 118 is configured to compare
relative phases of the signal 1124, which, at some times, is
representative of an amplified and filtered version of the sig-
nal 1054, and, at other times, is representative of an amplified
and filtered version of the clock signal 120c.

In operation, the uncorrected x-y angle value 118a can
have a first angle error component. The first angle error com-
ponent is described more fully below in conjunction with
FIG. 5. Let it suffice here to say that the first angle error
component is an angle error component that causes the uncor-
rected x-y angle value 1184 to not be perfectly representative
of'the true angle of the magnetic field generated by the magnet
144.
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An angle error correction module 138 is coupled to receive
the uncorrected x-y angle value 118a and configured to gen-
erate an angle error value 138« indicative of the first error
component within the uncorrected x-y angle value 118a. A
combining module 126, here shown to be a summing node,
can be coupled to receive the uncorrected x-y angle value
118a, coupled to receive the angle error value 1384, and
configured to generate a corrected x-y angle value 126a. The
corrected x-y angle value 126a can have a second angle error
component that is smaller than the first angle error component
of the uncorrected x-y angle value 118a. Thus, the corrected
x-y angle value 1264 is more accurately representative of the
true angle of the magnetic field generated by the magnet 144.

The angle correction module 138 can also be coupled to
receive a temperature signal 136a generated by a temperature
sensor 136. The angle correction module 138 can also be
coupled to receive sine values, here shown as two sine values
148a, 148b, from a sine look up table (LUT) 148. In some
embodiments, the sine value 148aq is representative of a sine
value at a fundamental frequency the same as or related to a
frequency of the signal 52 of FIG. 2, i.e., a frequency of the
signal 1044 and the signal 105a. In some embodiments, the
sine value 1485 is representative of a sine value at a second
harmonic of the fundamental frequency. However, the sine
look up table 148 can provide any number of sine values
representative of any number of harmonics of the fundamen-
tal frequency. Sine values are described more fully below in
conjunction with FIGS. 5 and 6.

The sine lookup table 148 can be coupled to receive, and
can be indexed in accordance with, the uncorrected x-y angle
value 118a¢ and in accordance with so-called interpolated
phase values 1385 generated by angle error correction mod-
ule 138. Interpolated phase values are further described below
in conjunction with FIG. 6.

The magnetic field sensor 100 can be coupled to receive a
control signal 142 from outside of the magnetic field sensor
100. In particular, an electrically erasable programmable
read-only memory (EEPROM) can be coupled to receive the
control signal 142 having one or more correction coefficients,
and can be configured to supply the one or more correction
coefficients to the angle correction module 138 as correction
coefficients 140a.

The angle correction module 138 is described in greater
detail in conjunction with FIG. 6. However, let it suffice here
to say that the angle correction module 138 is configured to
use the temperature signal 1364 to adjust the angle error value
138a according to the sensed temperature signal 136a.

The magnetic field sensor 100 can also include a rotation
speed module 130 and/or a rotation direction module 132,
each coupled to receive the corrected x-y angle value 126a4. It
will be understood that the corrected x-y angle value 126a can
change, and therefore, can be representative of a rotating
magnetic field when the magnet 144 rotates.

The rotation speed module 130 is configured to generate a
rotation speed signal or value 130a indicative of a rotation
speed of the magnet. The rotation direction module 132 is
configured to generate a direction signal or value 132a indica-
tive of a rotation direction of the magnet 144.

An output protocol module 134 is coupled to receive the
corrected x-y angle value 126a, the ring rotation speed value
130a, and the rotation direction value 132a. The output pro-
tocol module 134 is configured to generate an output signal
134a representative of the angle of the magnetic field gener-
ated by the magnet 144, representative of the speed of rotation
of the magnet 144, and representative of the direction of
rotation of the magnet 144. The output signal 134a can be
provided with the hope one of a variety of conventional for-
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mats, for example, an SPI format, a CAN format, anl2C
format, or a Manchester format.

In some embodiments, the angle error correction module
138 can be coupled to receive one or more other control
signals 150. The other control signals 150 are described more
fully below in conjunction with FIG. 6. However, it will be
appreciated that, by way of the one or more other control
signals 150, the angle error correction module 138 can make
adjustments to the angle error value 138a according to other
characteristics of the magnetic field sensor 100.

FIGS. 4-4C are representative of a four phase current spin-
ning or chopping that can be used for a vertical Hall element
having five contacts. Thus, it should be appreciated that such
current spinning can be used for each selected vertical Hall
element within the CVH sensing element 12 of FIG. 1 and the
CVH sensing element 102 of FIG. 3. It should also be appre-
ciated that such current spinning can also be used for separate
magnetic field sensing elements, for example, the magnetic
field sensing elements 30a-30% of FIG. 1A, where the mag-
netic field sensing elements 304-30% are selected and
chopped one of the time.

Referring now to FIG. 4, a vertical Hall element 200 of the
CVH sensing element 102 of FIG. 3 is comprised of five
vertical Hall element contacts, namely, first, second, third,
fourth, and fifth vertical Hall element contacts, 202a, 2025,
202¢, 202d, 202e, respectively. In a first chopping or current
spinning phase, a current source 208, which can be the same
as or similar to the current sources 103 of FIG. 3, can be
coupled to the first and fifth vertical Hall element contacts
202a, 202e, respectively, which are coupled together, and can
provide a total current of I, half of the current, 1/2, flowing to
the first vertical a Hall element contact 2024 and half of the
current, I/2, flowing to the fifth vertical Hall element contact
202e. The third vertical Hall element contact 202¢ is coupled
to a voltage reference 210, for example, ground. Currents
from the current source 208 flow from the first and fifth
vertical Hall element contacts 202a, 202e, respectively,
through a substrate 206 (e.g., through an epitaxial layer upon
a substrate) of the CVH sensing element 200 to the third
vertical Hall element contact 202¢, as represented by dashed
lines.

A signal, Vm, responsive to an external magnetic field,
results between the second and fourth vertical Hall element
contacts 2025, 202d, respectively. Thus, in the first current
spinning phase, the current spinning switches 105 of FIG. 3
can select the second and fourth vertical Hall element con-
tacts 2025, 202d to provide the output signal 105a, and can
select the first, fifth, and third vertical Hall element contacts
202a, 202e¢, 202¢, respectively, as those contacts coupled to
the current sources 103 of FIG. 3. Couplings during other
current spinning phases described below will be apparent.

Referring now to FIG. 4A, in which like elements of FIG.
4 are shown having like reference designations, in a second
current spinning phase of the same vertical Hall element 200
(same five vertical Hall element contacts) of the CVH sensing
element 102, couplings are changed by the current spinning
switches 105 of FIG. 3. In the second phase, the current
source 208 is coupled to the third vertical Hall element con-
tact 202¢, and the first and fifth vertical Hal element contacts
202a, 202e, respectively, are coupled together and to the
reference voltage 210. Thus, the currents flow through the
substrate 206 in opposite directions from those shown in FIG.
4.

As in FIG. 4, a signal, Vm, responsive to an external mag-
netic field, results between the second and fourth vertical Hall
element contacts, 2025, 202d, respectively. The signal, Vm,
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of FIG. 4A is like the signal, Vm, of FIG. 4. However, the
offset voltage within the signals can be different, e.g., differ-
ent in sign.

Referring now to FIG. 4B, in which like elements of FIGS.
4 and 4A are shown having like reference designations, in a
third current spinning phase upon the same vertical Hall
element 200 (same five vertical Hall element contacts) of the
CVH sensing element 102), couplings are again changed by
the current spinning switches 105. In the third phase, the
current source 208 is coupled to the second vertical Hall
element contact 2025, and the fourth vertical Hall element
contact 2024 is coupled to the reference voltage 210. Thus, a
current flows from the second vertical Hall element contact
2025 through the substrate 206 to the fourth vertical Hall
element contact 202d4.

The first and fifth vertical Hall element contacts 202a,
202e, respectively, are coupled together. Some current also
flows from the second vertical Hall element contact 2024
through the substrate 206 to the first vertical Hall element
contact 202a and through the mutual coupling to the fifth
vertical Hall element contact 202e. Some current also flows
from the fifth vertical Hall element contact 202¢ through the
substrate 206 to the fourth vertical Hall element contact 2024.

A signal, Vm, responsive to an external magnetic field,
results between the first vertical Hall element contact 202a
first (and the fifth vertical Hall element contact 202¢) and the
third vertical Hall element contact 202¢. The signal, Vm, of
FIG. 4B is like the signal, Vm, of FIGS. 4 and 4A. However,
the offset voltage within the signal can be different.

Referring now to FIG. 4C, in which like elements of FIGS.
4-4B are shown having like reference designations, in a fourth
chopping phase upon the same vertical Hall element 200
(same five vertical Hall element contacts) of the CVH sensing
element 102, couplings are again changed by the current
spinning switches 105. In the fourth phase, the current is
reversed from that shown in FIG. 4B. The current source 208
is coupled to the fourth vertical Hall element contact 202d,
and the second vertical Hall element contact 2025 is coupled
to the reference voltage 210. Thus, a current flows from the
fourth vertical Hall element contact 202d through the sub-
strate 206 to the second vertical Hall element contact 2025.

The first and fifth vertical Hall element contacts 202a,
202e, respectively, are coupled together. Some current also
flows from the fourth vertical Hall element contact 2024
through the substrate 206 to the fifth vertical Hall element
contact 202e, through the mutual coupling to the first vertical
Hall element contact 202a. Some current also flows from the
first vertical Hall element contact 202a through the substrate
206 to the second vertical Hall element contact 2025.

A signal, Vm, responsive to an external magnetic field,
results between the first vertical Hall element contact 202a
(and the fitth vertical Hall element contact 202¢) and the third
vertical Hall element contact 202¢. The signal, Vm, of FIG.
4C is like the signal, Vm, of FIGS. 4-4B. However, the offset
voltage within the signal can be different.

The signals, Vm, provided by the four phases of chopping
of FIGS. 4-4C are responsive to an external magnetic field.

As described above, after generating the four current spin-
ning phases on any one vertical Hall element within the CVH
sensing element 102, by sequencing operation of the
sequence switches 104 of FIG. 3, the current spinning
arrangements of FIGS. 4-4C can move to a next vertical Hall
element, e.g., five vertical Hall element contacts offset by one
vertical Hall element contact from those shown in FIGS.
4-4C, and the four current spinning phases can be performed
on the new vertical Hall element by operation of the current
spinning switches 105 of FIG. 3.

15

20

30

40

45

55

12

However, in some embodiments, a sequence of phases (A,
B, C, D) represented by the four current spinning phases of
FIGS. 4-4C, can be changed in one of a variety of ways. For
example, in some embodiments, the sequence of the (A, B, C,
D) phases can be randomly selected for each one of the
selected vertical Hall elements within the CVH sensing ele-
ment 102. In some embodiments the random selection is fully
random, and in some other embodiments, the random selec-
tion is a pseudo-random selection. In some embodiments, the
random or pseudo random selection is within each rotation
around the CVH sensing element, and in other embodiments,
the random or pseudo random selection is among a plurality
of rotations around the CVH sensing element.

In some other embodiments, the vertical Hall elements
within the CVH sensing element 102 can be partitioned into
at least two groups or sets of vertical Hall elements, wherein
a first set of the vertical Hall elements uses a first sequence of
current spinning phases, e.g., ABCD, and a second set of the
vertical Hall elements uses a second different sequence of
current spinning phases, e.g., CDAB each time the sequence
switches 104 sequence around the CVH sensing element 102.
There can be one or more vertical Hall elements within each
one of the at least two sets of vertical Hall elements. Other
variations of phase sequences are also possible, for example,
using different phase sequences for any possible number of
sets of vertical Hall elements, for example, three, four, five, or
more, including twenty-four respective sets of vertical Hall
elements, each time the sequence switches 104 sequence
around the CVH sensing element 102.

In some embodiments, the above-described different sets
of vertical Hall elements receive the above-described ran-
domly or pseudo randomly selected phase sequences selected
within each rotation around the CVH sensing element, and in
other embodiments, the random or pseudo random selection
is among a plurality of rotations around the CVH sensing
element.

Thus, in general, there can be variations in, or differences
in, the current spinning phase sequences among the plurality
of vertical Hall elements within the CVH sensing element
102.

Reasons for selection of a different phase sequences
among the vertical Hall elements of the CVH sensing element
102 are described more fully below in conjunction with FIG.
5.

Referring now to FIG. 5, a graph 280 has a horizontal axis
with a scale in units of angular degrees and a vertical axis with
a scale in units of value of an x-y angle value magnitude, for
example, a magnitude of the uncorrected x-y angle value
118a of FIG. 3.

A line 282 is representative of an x-y angle value that has
no angle error. When the x-y angle value has no angle error,
the x-y angle value is perfectly linear with respect to actual
angle, i.e., the x-y angle value is a perfect and true represen-
tation of the angle of the magnetic field generated by the
magnet 144 of FIG. 3, and the line 282 passes through zero.

A line 284 is representative of an x-y angle value that has
only an average or DC angle error, such that all angles repre-
sented by the x-y angle value are offset by a fixed number of
degrees. The line 284 does not pass through zero.

A curve 286 is representative of an x-y angle value that has
errors in representation of the true angle of the magnetic field
generated by the magnet 14, average or DC errors and also an
error that has a sinusoidal appearance.

A curve 288 is representative of an x-y angle value that has
other errors in representation of the true angle of the magnetic
field generated by the magnet 14.
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A variety of circuit characteristics of the magnetic field
sensor 100 contribute to the errors, i.e., to both the DC (or
average) angle error represented by the curves 286, 288, and
to the sinusoidal shapes of the curves 286, 288. One factor
that contributes to the errors is switching noise generated by
the sequence switches 104 and/or by the current spinning
switches 105 of FIG. 3.

First, regarding the sequence switches 104, it will be under-
stood that charge injection or switching spikes (together
referred to as noise) generated by the sequence switches 104
are not necessarily exactly the same as each sequential verti-
cal Hall element is selected in the CVH sensing element 102.
When the noise generated by the sequence switches 104 is not
the same as each vertical Hall element is selected, a DC (or
average) angle error is generated and also a sinusoidal type
error such as that represented by the curves 286, 288. The
sinusoidal error characteristic can be, in part, a result of the
noise generated by the sequence switches being repetitive for
each cycle around the CVH sensing element 102, and thus,
the noise will have an angle error frequency component at a
frequency of the signal 52 of FI1G. 2, and will add to the signal
52 (104a of FIG. 3). The angle error frequency component is
essentially fixed in phase relative the signal 1044, and there-
fore, the addition of the angle error causes different phase
shift errors in the summed signal depending on the phase of
the signal 104a. Higher harmonics can also result from the
noise.

Next, regarding the current spinning switches 105, it will
be understood that charge injection or switching spikes (to-
gether referred to as noise) generated by the current spinning
switches 105 are not necessarily exactly the same as each
sequential vertical Hall element is selected in the CVH sens-
ing element 102. When the noise generated by the current
spinning switches 105 is not the same as each vertical Hall
element is selected, a DC (or average) angle error is generated
and also a sinusoidal type error such as that represented by the
curves 286, 288. The sinusoidal error characteristic can, in
part, result from the noise generated by the current spinning
switches 105 being repetitive for each cycle around the CVH
sensing element. However, by techniques described herein,
phase sequences of the vertical Hall elements within the CVH
sensing element 102 can be varied, and thus, the noise gen-
erated by the current spinning switches 105 need not be
repetitive for each cycle around the CVH sensing element,
and corresponding angle error is reduced.

Other circuit characteristics can also contribute to the angle
errors, i.e., to both the DC (or average) angle error repre-
sented by the error curves 286, 288, and to the sinusoidal
shapes of the error curves 286, 288. Namely, a speed with
which the dual differential amplifier 108 of FIG. 3, and also
other circuit elements of FIG. 3, are unable to settle to final
values as the sequence switches 104 switch among the verti-
cal Hall elements of the CVH sensing element 102, and also
as the current spinning switches 105 switch among the vari-
ous current spinning phases, contribute to the errors.

The above-described circuit characteristics, including, but
not limited to, switching noise and lack of circuit elements
settling to final values, tend to be influenced by (i.e., changed
by) a variety factors including, but not limited to, temperature
of'the magnetic field sensor 100 of FIG. 2, rate of sequencing
around the CVH sensing element 102, peak magnitude of the
magnetic field experience by the CVH sensing element 102 as
the magnet 144 rotates, and selected current spinning
sequence(s) among the various vertical Hall elements.

Differences between the curves 286, 288 can be attributed
to changes in the same factors, namely, changes in the tem-
perature, changes in or differences in peak amplitude of the
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magnetic field experience by the CVH sensing element 102 as
the magnet 144 rotates, changes in or differences in rates of
sequencing around the CVH sensing element 102, and
changes in or differences in selected current spinning
sequence(s) among the various vertical Hall elements within
the CVH sensing element 102. Among these factors, it will be
understood that the changes in the temperature can occur at
any time. The changes in the peak amplitude of the magnetic
field can be influenced by positional changes, i.e., air gap
changes, between the magnet 144 and the CVH sensing ele-
ment 102 of FIG. 3. The changes in the peak amplitude of the
magnetic field can also be influenced by mechanical consid-
erations, for example, wear of a bearing or a shaft upon which
the magnet 144 rotates. However, the changes in sequencing
rates and the changes in current spinning sequences can be
fixed, and changed only for different applications of the mag-
netic field sensor 100.

In general, it has been determined that the dominant angle
error frequency components occur at first and second har-
monics of the frequency of the signal 52 (i.e., 104a or 1054).
The curves 286, 288 are representative of angle error func-
tions dominated by first and second harmonics of the fre-
quency of the signal 52 (104a).

The angle error correction module 138 of FIG. 3 is config-
ured to make changes to angle error corrections it applies
according to at least the temperature contribution to the angle
error represented by the curves 286, 288. In some embodi-
ments, the angle error correction module 138 is also config-
ured to make changes to the angle error corrections according
to one or more of the other above-described factors that con-
tribute to the difference between the curves 286, 288.

As described herein, angle errors represented by the curves
286, 288 are referred to as first error characteristics, each
influenced by the above factors.

As also described herein, the angle correction module 138
of FIG. 3 can be used to generate the angle error value 138a,
which can be used to generate the corrected x-y angle value
126a. Accordingly, other angle error curves (not shown) with
lower peak to peak variation than the error curves 286, 288 are
representative of second error characteristics that are smaller
than the first error characteristics.

The error curves 286, 288 can be mathematically described
in the following way.

Mathematically, the angle error represented by the curves
286, 288 can be represented as:

o ‘ ()
Qerr = OFF + DC(T) + Z Hoa (T) - sin(nor + Hyp(T))

n=1

where:

a=measured angle with error (see uncorrected x-y angle
value 118a of FIG. 3);

n=a variable indicative of an nth harmonic;

T=temperature measured by temperature sensor 136;

OFF=a magnetic target positioning error, i.e., a mechanical
misalignment of the CVH sensing element 102 in rela-
tion to the magnet 144 of FIG. 3, which is usually inde-
pendent of the temperature, T;

DC(T)=an average of DC angle error, which is a function
of the temperature, T;

H, ,(T)=an amplitude of an nth-harmonic component of
the error, which is a function of the temperature, T; and

H,,,(T)=a phase of the nth-harmonic component, which is
a function of the temperature, T.
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Other factors described above, other than temperature,
which affect the angle error, are not taken into account in
equation 1. Namely, the rate of sequencing around the CVH
sensing element 102 is not taken into account, the peak ampli-
tude of the magnetic field experienced by the CVH sensing
element 102 and generated by the magnet 144 is not taken into
account, and the current spinning phase sequence generated
by the current spinning sequence selection module 119 is not
taken into account in the above expression.

An estimated and quantized angle error (rather than non-
quantized error of equation (1)) can be mathematically
expressed as:

= ‘ @
OFF + DC,{T) + 3, Hua .. o(T)-sinfnr + Hyp . 4(T)

n=1

’
Tgrr =

where:

q stands for quantized values.

It is described below in conjunction with FIG. 6 that the
angle error correction module 138 of FIG. 3 can use a set of
programmable average correction coefficients, program-
mable amplitude correction coefficients, and programmable
phase correction coefficients stored within the EEPROM 140
of FIG. 3 in an expression the same as or similar to the
expression of equation (2). As described below, in some
embodiments, the misalignment correction coefficient, OFF,
can also be stored and used.

The angle error correction module 138 of FIG. 3 can digi-
tally weight, in accordance with the correction coefficients,
one or more normalized sine waveforms (values) (i.e., one or
more harmonic values) provided by the sine LUT 148, the
results of which are summed together in order to approximate
the angle error according to equation (2). Thus, in some
embodiments, the angle error correction module 138 of FIG.
3 can generate the angle error value 138a according to equa-
tion (2).

In some embodiments, the error correction module 138
evaluates equation (2) using two harmonics, first and second.
In some other embodiments, the error correction module 138
evaluates equation (2) with one harmonic, first or second. In
some other embodiments, the error correction module 138
evaluates equation (2) with more than two harmonics, for
example, first, second, third, fourth, and fifth harmonics. In
some other embodiments, the error correction module 138
evaluates equation (2) also using also the average value, DC,
(T). In some other embodiments, the error correction module
138 evaluates equation (2) using only the average value,
DC (T), without any sine functions or harmonics, and with or
without the misalignment correction coefficient, OFF. In
some embodiments, the error correction module 138 evalu-
ates an equation different from equation (2), but having cor-
rection coefficients that can be stored in the coefficient table
EEPROM 310.

As described above in conjunction with FIG. 3, the com-
bining module 126 is operable to combine the angle error
value (i.e., the estimated error according to equation (2)),
which is temperature dependent, with the uncorrected x-y
angle value 118a. Thus, for each temperature T,, the esti-
mated error, o', for measured angle o according to equation
(2) can be digitally subtracted from (or added to) the sensed
(i.e.,measured) angle, a,, (i.e., the uncorrected x-y angle value
118a of FIG. 2), which contains an error represented by the
curves 286, 288 of FI1G. 5.

As temperature varies, each harmonic component of the
angle error represented by equation (2) can change indepen-
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dently in amplitude and phase. As described below in con-
junction with FIG. 6, in some embodiments, angle error varia-
tions as a function of temperature of each parameter (average,
and also amplitude and phase of each harmonic component)
are approximated between pairs of stored average, amplitude,
and phase values using a piecewise-linear interpolation.

Variation in current spinning phase sequences is described
above in conjunction with FIG. 3. An angle error correction
module is also described above in conjunction with FIGS. 3
and 5. It should be apparent that both a proper selection of the
variation of the current spinning phase sequences and the use
of'the angle error correction module tend to reduce a magni-
tude of the angle error represented by the curves 286, 288. It
should be appreciated that the two techniques can be used
separately or together to achieve a reduction in angle error of
the magnetic field sensor 100.

Referring now to FIG. 6, in which like elements of FIG. 3
are shown having like reference designations, the angle error
correction module 138 can coupled to a coefficient table
EEPROM 310. The coefficient table EEPROM 310 is config-
ured to store a plurality of correction coefficients of values
associated with the above equation (2), and associated with
so-called temperature segments. The coefficient table
EEPROM 310 can be part of the EEPROM 140 of FIG. 3.

As used herein, the term “temperature segment” is used to
describe one of a plurality of temperature ranges, each tem-
perature range bounded by a pair of temperatures. Examples
shown herein and described below use four such temperature
segments, a first temperature segment adjacent to the second
temperature segment, the second temperature segment adja-
cent to a third temperature segment, and a fourth temperature
segment adjacent to the third temperature segment, in ascend-
ing order of temperatures. In some embodiments the tempera-
ture segments overlap, and, in other embodiments, there are
temperature spaces between the temperature segments. In
some embodiments, each temperature segment spans the
same number of degrees of temperature, and in other embodi-
ments the temperature segments span different numbers of
degrees of temperature. For example, in some embodiments
the second and third temperature segments can each have
wider temperature span than the first and fourth segments.

The coefficient table EEPROM 310 can store therein a
plurality of temperature values, e.g., TO, T1, T2, T3, T4, TS,
representative of boundaries of four temperature segments.

The coefficient table EEPROM 310 can also store therein a
plurality of correction coefficients. For example, the coeffi-
cient table EEPROM 310 can store five average correction
coefficients, CoeffAQ, Coeff A1, Coeff A2, Coeff A3, Coeff
A4. Each of the five average correction coefficients is repre-
sentative of an average value, DC_(T), in equation (2), at a
different respective temperature corresponding to tempera-
tures at the boundaries of the four temperature segments.

In some embodiments, the coefficient table EEPROM 310
can also store five first harmonic amplitude correction coef-
ficients, Coeff BO, Coeff B1, Coeff B2, Coeff B3, Coeff B4.
Each of the five first harmonic amplitude correction coeffi-
cients is representative of the amplitude value, H,, (T), in
equation (2) for n=1, i.e., for the first harmonic of the error
signals 286, 288 of F1G. 5, at a different respective tempera-
ture corresponding to temperatures at the boundaries of the
four temperature segments.

In some embodiments, the coefficient table EEPROM 310
can also store five first harmonic phase correction coeffi-
cients, Coeff C0, Coeff C1, Coeff C2, Coeff C3, Coeff C4.
Each of the five first harmonic phase correction coefficients is
representative of the phase value, (H,,» (1)), in equation (2)
forn=1, i.e., for the firstharmonic of the error signals 286, 288



US 9,377,285 B2

17

of FIG. 5, at a different respective temperature corresponding
to temperatures at the boundaries of the four temperature
segments.

In some embodiments, the coefficient table EEPROM 310
can also store five second harmonic amplitude correction
coefficients, Coeff D0, Coeff D1, Coeff D2, Coeff D3, Coeff
D4. Each of the five second harmonic amplitude correction
coeflicients is representative of the amplitude valve, H, ,
(1), in equation (2) for n=2, i.e., for the second harmonic of
the error signals 286, 288 of FIG. 5, at a different respective
temperature corresponding to temperatures at the boundaries
of the four temperature segments.

In some embodiments, the coefficient table EEPROM 310
can also store five second harmonic phase correction coeffi-
cients, Coeff EQ, Coeff E1, Coeff E2, Coeff E3, Coeff E4.
Each of the five second harmonic phase correction coeffi-
cients is representative of the phase value, (H,» (1)), in
equation (2) for n=2, i.e., for the second harmonic of the error
signals 286, 288 of F1G. 5, at a different respective tempera-
ture corresponding to temperatures at the boundaries of the
four temperature segments.

In some embodiments, the coefficient table EEPROM 310
can also store the misalignment correction coefficient, OFF,
(not shown) representative of the above described mechanical
misalignment of the CVH sensing element 102 with the mag-
netic field generated by the magnet 144 of FIG. 3.

In some embodiments, all of the stored correction coeffi-
cients and values can be programmed into the coefficient
table EEPROM 310, for example, by way of the control signal
142.

As described above, while four temperature segments and
associated temperatures and coefficients are shown, in other
embodiments, there can be more than or fewer than four
temperature segments, and more than or fewer than thirty
stored coeflicients in accordance with a number of tempera-
ture segments. Also, in accordance with that described above,
while coefficients representative of temperatures, coefficients
representative of average values, coefficients representative
of amplitude and phase values of the first harmonic, and
coefficients representative of amplitude and phase values of
the second harmonic of the error curves 286, 288 of FIG. 5 are
shown, in other embodiments, fewer than those coefficients
can be stored and used. However, in still other embodiments
coefficients representative of even higher harmonics can be
stored and used, for example, by way of equation (2).

The angle error correction module 138 can include an
analog-to-digital converter 300 coupled to receive the tem-
perature signal 136a from the temperature sensor 136. The
analog-to-digital converter 300 is configured to generate a
converted signal 300a, which is a digital signal representative
of the temperature of the magnetic field sensor 100.

The angle error correction module 138 can include a seg-
ment identification module 302 coupled to receive the digital
temperature signal 300a and configured to identify one of a
plurality of temperature segments in which the digital tem-
perature signal 300« lies. To this end, the segment identifica-
tion module 302 can receive information 310a about the
stored temperature segments, e.g., temperature boundaries
TO, T1, T2, T3, T4, TS of four stored four temperature seg-
ments, from the coefficient table EEPROM 310. The segment
identification module 302 is operable to identify between
which two adjacent temperatures the digital temperature sig-
nal 300q lies, i.e., within which one of the four temperature
segments the digital temperature signal 300« lies. In accor-
dance with the identified temperature segment, the segment
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identification module is operable to generate a segment iden-
tifier signal 3025 representative of the identified temperature
segment.

The angle error correction module 138 can also include an
interpolation module 304 coupled to receive the digital tem-
perature signal 300a and coupled to receive the segment
identifier signal 3025. The interpolation module 304 is also
coupled to receive identified coefficients 3105, identified by
the segment identification module 302.

In accordance with the segment identifier signal 3025, the
interpolation module is configured to generate a correction
coefficient request signal 3045 received by the coefficient
table EEPROM 310. In response to the correction coefficient
request signal 3044, the coefficient table EEPROM provides
aplurality of correction coefficients 3105 associated with the
temperature boundaries of the identified temperature seg-
ment. It will be understood that identification of the tempera-
ture segment results in selection often correction coefficients,
five correction coefficients at the temperature of each one of
the boundaries of the identified temperature sites.

The interpolation module 304 is operable to interpolate
between pairs of the identified and received correction coef-
ficients 3105. For example, if the digital temperature signal
300q is representative of a temperature of two hundred fifty
degrees, and if the pair of average value correction coeffi-
cients, e.g., Coeff A2, Coeff A3 are correction coefficients
associated with a temperature segment spanning from two
hundred degrees to three hundred degrees (i.e., a third tem-
perature segment in which the digital temperature signal 300a
lies), then it should be apparent that the interpolation module
can interpolate between the two correction coefficients, Coeff
A2, Coeff A3, to arrive at an interpolated correction coeffi-
cient. Similar interpolations can be performed by the inter-
polation module 304 between other ones of the pairs of cor-
rection coefficients associated with the third temperature
segment to generate a plurality of interpolated correction
coefficients 304a

In some embodiments, the interpolation module 304 can
perform linear interpolations. In other embodiments the inter-
polation module 314 can perform nonlinear interpolations. In
some embodiments, the interpolation module 304 can per-
form a type of interpolation appropriate for a width of a
temperature segment. For example, if a width of the identified
temperature segment is relatively wide, then the interpolation
module 304 can perform a linear interpolation where the
digital temperature signal 300a falls within that wide tem-
perature segment. Conversely, if a width of the identified
temperature segment is narrow, which may be indicative of a
rapidly changing error characteristic, and the interpolation
module 304 can perform a nonlinear interpolation where the
digital temperature signal 300q falls within that narrower
temperatures segment.

The angle error correction module 138 can also include an
algorithm module 306 coupled to receive the interpolated
correction coefficients 304a and configured to use the inter-
polated correction coefficients 304a¢ in an algorithm, for
example, an algorithm that uses equation (2) above. As
described above, the algorithm module 306 can employ equa-
tion (2) with any number of harmonics and with or without the
average or DC correction coefficients.

The algorithm module 306 is configured to generate an xy
angle error value 306a. In some embodiments, the x-y angle
error value 306a bypasses an optional combining module
313, and becomes the x-y angle error value 1384 described
above in conjunction with FIG. 3.

As described above in conjunction with FIG. 3, a combin-
ing module 126 can be coupled to receive the x-y angle error
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value 138a, coupled to receive the uncorrected x-y angle
value 124a, and configured to combine the two values to
generate the corrected x-y angle value 126a that is more
accurate and has a smaller (i.e., a second) error component
smaller than the first error component of the uncorrected x-y
angle value 124a.

The sine look up table 148 is described above in conjunc-
tion with FIG. 3. The sine lookup table 148 can provide first
and second harmonics sine values 1484, 1484, respectively, to
the algorithm module 306 for use in evaluating equation (2)
above.

A sine lookup controller 318 can be coupled to receive the
uncorrected x-y angle value 124a, and coupled to receive
interpolated phase values 30454 from the interpolation mod-
ule. It will be apparent from equation (2) that both of these
values are required in order to know how to index into the sine
lookup table 148. In particular, the parameter sin(na+H,, ,
(1)) of equation (2) requires an index including both the
measured (i.e., uncorrected) angle, o, and an interpolated
phase, H,» (T). Recall that the parameter n is a harmonic
number.

In some embodiments, the angle error correction module
138 can optionally include a temperature change detection
module 315 coupled to receive the digital temperature signal
300a and configured to identify if the digital temperature
signal 300a is representative of a change in temperature or
representative of no change temperature. The temperature
change detection module can be configured to generate a
control signal 315a also indicative of a change in temperature
or indicative of no change in temperature. Accordingly, in
some embodiments, the interpolation module 304 can per-
form the above described interpolations and provide new
interpolated correction coefficients 304a only when the con-
trol signal 315a is indicative of a change in temperature. At
other times, the algorithm module can use interpolated cor-
rection coefficients that were previously calculated.

In some embodiments, the angle error correction module
138 can include one or more of a correction versus current
spinning sequence module 311, a correction versus magnetic
field amplitude module 309, or a correction versus sequence
rate module 307.

In response to a clock signal 1205, the correction versus
current spinning sequence module 311 is configured to iden-
tify a correction factor related to the selected sequence of
current spinning phase sequence groups that can be applied to
further improve the x-y angle error value 1384. In response to
the signal 112a from the analog-to-digital converter 112 of
FIG. 3, the correction versus magnetic field amplitude mod-
ule 309 is configured to identify a correction factor related to
the amplitude of the magnetic field experience by the CVH
sensing element 102 and can be applied to further improve the
x-y angle error value 138a. In response to the clock signal
1204, the correction versus sequence rate module 307 is con-
figured to identify a correction factor related to the rate at
which a vertical Hall elements within the CVH sensing ele-
ment 102 of FIG. 3 are sequenced, which correction factor
can be applied to further improve the x-y angle error value
138a.

Collectively, a correction value 307a includes one or more
ofthe above correction factors. The correction value 3074 can
bereceived by acombining module 313, and can be applied to
the x-y angle error value 306a, so that the corrected x-y angle
value 126a will have a third error component, which is
smaller than the above-described first and second error com-
ponents. In other words, the corrected x-y angle value 126a is
still more truly representative of an actual angle.
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In some embodiments a program control EEPROM 308
can be coupled to receive the control signal 142. The program
control EEPROM 308 can be coupled to one or more of the
interpolation module 304 or the algorithm module 306. In
some embodiments, by way of the control signal 142, a user
can program the magnetic field sensor 100 of FIG. 3 touse a
selected type of interpolation within the interpolation mod-
ule. In some embodiments, by way of the control signal 142,
auser can program the magnetic field sensor 100 of FIG. 3 to
use a selected type of algorithm within the algorithm module
306. Thus, in some embodiments, the magnetic field sensor
100 uses equation (2) as the algorithm, and in other embodi-
ments, the magnetic field sensor uses a different algorithm.

Returning again to the subject of variations or changes of
current spinning phase sequences first described above in
conjunction with FIG. 3 with respect to a the CVH sensing
element 102, FIGS. 7-9 show the advantages of similar cur-
rent spinning phase sequence variations applied to a simple
planar Hall Effect element.

Referring to FIG. 7, a simple magnetic field sensor 400
includes a planar Hall Effect element 402. The Hall element
402 is coupled to receive a current signal 412q at different
selected ones of four contacts in accordance with a plurality
of current spinning phases determined by current spinning
switches 412. A current source 410 supplies a current signal
410a to the current spinning switches 412.

A differential output 402a, 4025 of the Hall effect element
402 is coupled to current spinning switches 404, which select
different ones of the four terminals as the output terminals as
current spinning progresses through the plurality of phases.

Specific couplings for two or four phase current spinning of
the four terminal planar Hall element are not shown herein but
are well understood. Taking an example where the current
spinning is done in four phases and labeling the phases with
letters, a conventional arrangement would repeat the same
phase sequence periodically, e.g., ABCD, where each
sequence of phases occurs in a respective current spinning
cycle having a cycle period. However, the magnetic field
sensor 400 can include a current spinning and filter control
module 408 coupled to the current spinning switches 404,
412, which can be configured to vary or change the sequence
of phases from time to time or upon each cycle through a set
of four phases. The variations can be fully random or pseudo-
random. However, in other arrangements the variations can
select between two or more current spinning phase sequences
from time to time.

In one non-limiting example, current spinning phases can
take on the following four sequences and then repeat: ABCD,
BCDA, CDAB, DABC, in this particular example, only four
current spinning phase sequences are used, each having four
phases. However, it will be understood that four current spin-
ning phases can result in twenty-four combinations of the
four phases in twenty-four current spinning phase sequences.
The twenty-four current spinning phase sequences can be
randomly selected, pseudo-randomly selected, or periodi-
cally selected.

In a basic and non-limiting embodiment, there are only two
current spinning phase sequences, e.g., ABCD and CDAB,
and the current spinning phase sequence applied to the Hall
element 402 can be changed from time to time between the
two phase sequences. There can also be more than two phase
sequences and the current spinning phase sequence applied
the Hall element 402 can be changed from time to time
between the more than two phase sequences.

The current spinning switches 404 are configured to pro-
vide a differential output signal 404a, 4045. A filter 406 is
coupled to receive the differential signal from the current
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spinning switches 404 and is configured to provide a differ-
ential output signal 406a, 4065.

It will be understood that, in the frequency domain, a result
of a particular type of current spinning, referred to herein as
an offset current spinning, the differential signal 404a, 4045
appearing at the current spinning switches has two frequency
components. A baseband component is responsive to a mag-
netic field and remains at baseband. However, an offset signal
component with the differential signal 404a, 4045 is shifted
to a higher frequency according to a frequency at which the
current spinning sequences through the phases, i.e., a chop-
ping frequency.

In operation, the filter 406 can remove the offset signal
component of the differential signal 404qa, 4045, leaving only
the magnetically responsive signal component in the differ-
ential output signal 406a, 4065.

Referring now to FIG. 8, a graph 450 has a horizontal axis
with a scale in units of frequency in arbitrary units and a
vertical axis with a scale in amplitude in arbitrary units.

The graph 450 is representative of operation of a magnetic
field sensor like the magnetic field sensor 400 of FIG. 7, but
without any variation of the current spinning phase sequences
applied to the Hall element 402. In other words, for example,
the phase sequence ABCD repeats over and over without
variation.

A spectral line 454 is representative of the magnetically
responsive signal component of the differential signal 404a,
40456 of FIG. 7. A spectral line 458 is representative of the
offset signal component of the differential signal 404a, 4045
of FIG. 7 after the current spinning operation of the current
spinning switches 404, 412, but without variation of the cur-
rent spinning phase sequences. A spectral line 460 is repre-
sentative of a third harmonic of the offset signal component
represented by the spectral line 456.

It will be understood that the spectral line 454 is represen-
tative of the magnetic field sensing element 402 being respon-
sive to a DC magnetic field. However, the magnetic field
sensing element 402 can be responsive to AC magnetic fields.
Thus, a baseband bandwidth 456 is representative of a region
in which the magnetic field sensing element 402 can provide
signal information responsive to a magnetic field.

A transfer function 452 is representative of a transfer func-
tion of one of particular embodiment of the filter 406 of F1G.
7. In particular, the transfer function 452 is representative of
a digital filter having transfer function notches. In some
embodiments, it is advantageous to design the filter 406 and
control the filter 406 with control signal 408¢ such that the
notches appear at the same positions as the offset component
spectral lines 458, 460. Thus, with such a filter, the differen-
tial output signal 4064, 4065 will have content only within the
baseband 456.

It will be recognized that use of a filter tends to slow down
operation of the magnetic field sensor 400. Also, because the
passband 456 must roll off below the frequency fc, the opera-
tional bandwidth or the magnetic field sensor 400 tends to be
restricted.

Referring now to FIG. 9, a graph 500 has a horizontal axis
with a scale in units of frequency in arbitrary units and a
vertical axis with a scale in amplitude in arbitrary units.

The graph 500 is representative of operation of a magnetic
field sensor like the magnetic field sensor 400, including
variations or changes of the current spinning phase
sequences. It will become apparent from discussion below
that, using variation of the current spinning phase sequences,
in some embodiments, the filter 406 of FIG. 7 can be elimi-
nated.
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A spectral line 502 is representative of the magnetically
responsive signal component of the differential signal 404a,
4045. A spectral line 506 is representative of the offset signal
component of the differential signal 404a, 4045 after the
varied current spinning operation of the current spinning
switches 404, 412. A spectral line 508 is representative of a
third harmonic of the offset signal component represented by
the spectral line 506.

It will be understood that the spectral line 502 is represen-
tative of the magnetic field sensing element 402 being respon-
sive to a DC magnetic field. However, the magnetic field
sensing element 402 can be responsive to an AC magnetic
field. Thus, a baseband bandwidth 504 is representative of a
region in which the magnetic field sensing element 402 can
provide signal information responsive to a magnetic field.

Other low amplitude spectral lines as shown may result
from the variation of the current spinning phase sequences,
depending upon the exact nature of the variation. There can be
additional spectral lines that are not shown, but which are also
at low amplitude.

It will be appreciated that the spectral lines 506, 508, and
all other extraneous spectral lines have a much lower ampli-
tude than the spectral lines 458, 460 of FIG. 8. In some
applications, the various low amplitude spectral lines have a
low enough amplitude that the filter 406 of FIG. 7 is not
required in all. Having no filter at all results in a faster mag-
netic field sensing element and a wider bandwith magnetic
field sensing element. Accordingly, in some such embodi-
ments, the baseband passband 504 can be substantially wider
than that shown, and can be wider than the baseband passband
456 of FIG. 8. In some embodiments, the baseband passband
504 can extend well beyond the frequency 3fc.

All references cited herein are hereby incorporated herein
by reference in their entirety.

Having described preferred embodiments, which serve to
illustrate various concepts, structures and techniques, which
are the subject of this patent, it will now become apparent to
those of ordinary skill in the art that other embodiments
incorporating these concepts, structures and techniques may
be used. Accordingly, it is submitted that that scope of the
patent should not be limited to the described embodiments but
rather should be limited only by the spirit and scope of the
following claims.

What is claimed is:

1. A method of reducing an error in a magnetic field sensor,
comprising:

providing a plurality of magnetic field sensing elements,

wherein each one of the plurality of magnetic field sens-
ing elements is configured to generate a respective x-y
output signal responsive to a magnetic field in an x-y
plane;

sequentially selecting, at an element selection rate with an

element selection period, from among the plurality of
magnetic field sensing elements, resulting in a plurality
of repeating cycles of selected magnetic field sensing
elements, each repeating cycle sequentially selecting all
of the plurality of magnetic field sensing elements,
wherein the repeating cycles repeat at a cycle repetition
rate with a cycle repetition period; and

current spinning, within respective element selection peri-

ods, each selected one of the plurality of magnetic field
sensing elements, wherein the current spinning com-
prises generating a respective plurality of current spin-
ning phases within the respective element selection peri-
ods, each plurality of current spinning phases within an
element selection period having a respective phase
sequence with a plurality of phases, each phase having a
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phase period, each phase period less than an element
selection period, wherein the sequentially selecting and
the current spinning together result in a sequenced-
chopped signal representative of an angle of the mag-
netic field, wherein a first portion of the plurality of
magnetic field sensing elements has a first current spin-
ning phase sequence within one of the cycle repetition
periods, and a second different portion of the plurality of
magnetic field sensing elements has a second different
current spinning phase sequence within the same one of
the cycle repetition periods.

2. The method of claim 1, wherein the current spinning
comprises:

current spinning the plurality of magnetic field sensing

elements with randomly selected phase sequences, ran-
domly selected within a plurality of the cycle repetition
periods.

3. The method of claim 1, wherein the current spinning
comprises:

current spinning the plurality of magnetic field sensing

elements with pseudo-randomly selected phase
sequences, pseudo-randomly selected within a plurality
of the cycle repetition periods.
4. The method of claim 1, wherein the current spinning
comprises:
selecting a first set of magnetic field sensing elements from
among the plurality of magnetic field sensing elements;

selecting a second different set of magnetic field sensing
elements from among the plurality of magnetic field
sensing elements;
current spinning the first set of magnetic field sensing
elements with a first respective set of phase sequences
within a first one of the cycle repetition periods; and

current spinning the second set of magnetic field sensing
elements with a second different respective set of phase
sequences within a second different one of the cycle
repetition periods.

5. The method of claim 1, wherein the plurality of magnetic
field sensing elements comprises a plurality of vertical Hall
Effect elements arranged as a circular vertical Hall (CVH)
element, wherein each one of the plurality of vertical Hall
Effect elements is arranged upon a common circular implant
and diffusion region in a first major surface of a semiconduc-
tor substrate, wherein the plurality of vertical Hall Effect
elements is configured to generate a respective plurality of
X-y output signals responsive to a magnetic field having a
direction component in an x-y plane parallel to the first sur-
face of the semiconductor substrate, the x-y plane having an
x-direction and a y-direction orthogonal to the x-direction.

6. The method of claim 5, wherein the current spinning
comprises:

current spinning the plurality of magnetic field sensing

elements with randomly selected phase sequences, ran-
domly selected within a plurality of the cycle repetition
periods.

7. The method of claim 5, wherein the current spinning
comprises:

current spinning the plurality of magnetic field sensing

elements with pseudo-randomly selected phase
sequences, pseudo-randomly selected within a plurality
of the cycle repetition periods.

8. The method of claim 5, wherein the current spinning
comprises:

selecting a first set of magnetic field sensing elements from

among the plurality of magnetic field sensing elements;
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selecting a second different set of magnetic field sensing
elements from among the plurality of magnetic field
sensing elements;

current spinning the first set of magnetic field sensing
elements with a first respective set of phase sequences
within a first one of the cycle repetition periods; and

current spinning the second set of magnetic field sensing
elements with a second different respective set of phase
sequences within a second different one of the cycle
repetition periods.

9. A magnetic field sensing sensor, comprising:

a plurality of magnetic field sensing elements, wherein
each one of the plurality of magnetic field sensing ele-
ments is configured to generate a respective x-y output
signal responsive to a magnetic field in an x-y plane;

a sequence switching circuit configured to select, at an
element selection rate with an element selection period,
from among the plurality of magnetic field sensing ele-
ments, resulting in a plurality of repeating cycles of
selected magnetic field sensing elements, each repeating
cycle sequentially selecting all of the plurality of mag-
netic field sensing eclements, wherein the repeating
cycles repeat at a cycle repetition rate with a cycle rep-
etition period; and

a current spinning circuit configured to current spin, within
respective element selection periods, each selected one
of the plurality of magnetic field sensing elements,
wherein the current spinning comprises a respective plu-
rality of current spinning phases within the respective
element selection periods, each plurality of current spin-
ning phases within an element selection period having a
respective phase sequence with a plurality of phases,
each phase having a phase period, each phase period less
than an element selection period, wherein the sequen-
tially sequence switching circuit and the current spin-
ning circuit are together configured to generate a
sequenced-chopped signal representative of an angle of
the magnetic field, wherein a first portion of the plurality
of magnetic field sensing elements has a first current
spinning phase sequence within one of the cycle repeti-
tion periods, and a second different portion of the plu-
rality of magnetic field sensing elements has a second
different current spinning phase sequence within the
same one of the cycle repetition periods, and

a control circuit configured to control the element selection
periods, the cycle repetition periods, and the phase
sequences of the current spinning phases.

10. The magnetic field sensor of claim 9, wherein the
control circuit is configured to control the sequence switching
circuit and the current spinning circuit to current spin the
plurality of magnetic field sensing elements with randomly
selected phase sequences, randomly selected within a plural-
ity of the cycle repetition periods.

11. The magnetic field sensor claim 9, wherein the control
circuit is configured to control the sequence switching circuit
and the current spinning circuit to current spin the plurality of
magnetic field sensing elements with pseudo-randomly
selected phase sequences, pseudo-randomly selected within a
plurality of the cycle repetition periods.

12. The magnetic field sensor claim 9, wherein the control
circuit is configured to control the sequence switching circuit
and the current spinning circuit to: select a first set of mag-
netic field sensing elements from among the plurality of mag-
netic field sensing elements; select a second different set of
magnetic field sensing elements from among the plurality of
magnetic field sensing elements; current spin the first set of
magnetic field sensing elements with a first respective set of
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phase sequences within a first one of the cycle repetition
periods; and current spin the second set of magnetic field
sensing elements with a second different respective set of
phase sequences within a second one of the cycle repetition
periods.

13. The magnetic field sensor of claim 9, wherein the
plurality of magnetic field sensing elements comprises a plu-
rality of vertical Hall Effect elements arranged as a circular
vertical Hall (CVH) element, wherein each one of the plural-
ity of vertical Hall Effect elements is arranged upon a com-
mon circular implant and diffusion region in a first major
surface of a semiconductor substrate, wherein the plurality of
vertical Hall Effect elements is configured to generate a
respective plurality of x-y output signals responsive to a mag-
netic field having a direction component in an x-y plane
parallel to the first surface of the semiconductor substrate, the
x-y plane having an x-direction and a y-direction orthogonal
to the x-direction.

14. The magnetic field sensor of claim 13, wherein the
control circuit is configured to control the sequence switching
circuit and the current spinning circuit to current spin the
plurality of magnetic field sensing elements with randomly
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selected phase sequences, randomly selected within a plural-
ity of the cycle repetition periods.

15. The magnetic field sensor claim 13, wherein the control
circuit is configured to control the sequence switching circuit
and the current spinning circuit to current spin the plurality of
magnetic field sensing elements with pseud-randomly
selected phase sequences, pseudo-randomly selected within a
plurality of the cycle repetition periods.

16. The magnetic field sensor claim 13, wherein the control
circuit is configured to control the sequence switching circuit
and the current spinning circuit to: select a first set of mag-
netic field sensing elements from among the plurality of mag-
netic field sensing elements; select a second different set of
magnetic field sensing elements from among the plurality of
magnetic field sensing elements; current spin the first set of
magnetic field sensing elements with a first respective set of
phase sequences within a first one of the cycle repetition
periods; and current spin the second set of magnetic field
sensing elements with a second different respective set of
phase sequences within a second one of the cycle repetition
periods.



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. 19,377,285 B2 Page 1 of 2
APPLICATION NO. 1 13/766341
DATED : June 28, 2016

INVENTOR(S) : Hernan D. Romero et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

On the Title Page

Item (57), Abstract, Line 4, delete “sensor, A circuit” and replace with --sensor. A circuit--.
In the Drawings

Sheet 7, FIG. 6, delete “Phrase 2 in element 310, and replace with --Phase 2--.

Sheet 7, FIG. 6, delete “Sin LUT” in element 148, and replace with --Sine LUT--,

In the Specification

Column 1, Line 29, delete “i.e., and angle” and replace with --i.e., an angle--.

Column 2, Line 16, delete “herein “angle” and replace with --herein as “angle--.
Column 2, Line 17, delete “of and” and replace with --of an--.

Column 4, Line 30, delete “operated in a with” and replace with --operated with--,
Column 5, Line 36, delete “Hail element” and replace with --Hall element--.

Column 5, Line 43, delete “vertical 1H-all” and replace with --vertical Hall--.

Column 5, Lines 52-53, delete “can positioned” and replace with --can be positioned--.
Column 7, Line 23, delete “more frilly” and replace with --more fully--.

Column 7, Line 64, delete “also process™ and replace with --also a process--.

Signed and Sealed this
Seventeenth Day of January, 2017

Decbatle X Loa

Michelle K. Lee
Director of the United States Patent and Trademark Office



CERTIFICATE OF CORRECTION (continued) Page 2 of 2
U.S. Pat. No. 9,377,285 B2

Column 10, Line 1, delete “anl2C” and replace with --an 12C--,

Column 10, Line 33, delete “vertical a Hall” and replace with --vertical Hall--,

Column 10, Line 60, delete “vertical Hal elements” and replace with --vertical Hall elements--.
Column 12, Line 42, delete “of a different” and replace with --of different--,

Column 13, Line 59, delete “a variety factors™ and replace with --a variety of factors--.
Column 15, Line 47, delete “also using also the” and replace with --also using the--.

Column 16, Line 19, delete “can coupled” and replace with --can be coupled--.

Column 18, Line 40, delete “module 314” and replace with --module 304--,

Column 18, Line 61, delete “an xy” and replace with --an x-y--.

Column 19, Line 28, delete “change temperature” and replace with --change in temperature--,
Column 19, Line 56, delete “which a vertical” and replace with --which vertical--.

Column 20, Line 1, delete “embodiments a” and replace with --embodiments, a--.

Column 20, Line 49, delete “DABC, in” and replace with --DABC. In--.

Column 20, Lines 62-63, delete “applied the” and replace with --applied to the--.

Column 21, Line 44, delete “of one of” and replace with --of one--.

In the Claims

Column 24, Line 54, delete “sensor claim 9,” and replace with --sensor of claim 9,--.

Column 24, Line 60, delete “sensor claim 9,” and replace with --sensor of claim 9,--,

Column 26, Line 3, delete “sensor claim 13,” and replace with --sensor of claim 13,--.

Column 26, Line 9, delete “sensor claim 13,” and replace with --sensor of claim 13,--.



